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INTRODUCTION 5 0
A single genotype cannot have high fitness in all conditions. Instead different genotypes 5 1
show varying degrees of fitness in different environments, and therefore phenotype of a 1 0 0 determine the selection forces that act on it (Fig 1) . Different genotypes can show different 1 0 1 ranges of phenotypic plasticity depending on the order of the environments and different In this paper, we asked the following questions: can we identify plasticity QTL across a large 1 0 6 number of heterogeneous environments? How do these plasticity QTL respond to different 1 0 7 types and orders of environments? Finally, what is the association between pleiotropic 1 0 8 regulators of the phenotype and plasticity regulators? Are loci that regulate plasticity and that 1 0 9 are pleiotropic across multiple environments same such that all pleiotropic loci contribute to 1 1 0 plasticity, or are these loci different and hence not identified in environment-specific QTL S. cerevisiae provides an ideal system to identify the genetic regulators of phenotypic 1 1 3 plasticity, since environment serves as both external stimulus as well as signalling cue for this 1 1 4 unicellular, sessile, organism. Yeast growth is highly responsive to environments and has 1 1 5 been shown to be differentially regulated in different environments [16, 20, 21] . In this study, 1 1 6 using growth phenotype measured in 34 diverse environments for a large yeast biparental 1 1 7 population [13], we measured phenotypic plasticity using two statistics: an environmental 1 1 8 order-independent statistic -Environmental variance (Var E ), and an environmental order- genotypes with difference in phenotype across diverse environments do not necessarily have 1 2 2 differential plasticity; 1B shows two genotypes with differential plasticity; and Fig 1C and 1D show that while the environmental order has no bearing on environmental variance, the 1 2 4 value of the reactions norms is highly sensitive to the order of the environments encountered. We use these two parameters to identify loci with differential effects on phenotypic plasticity, 1 2 6 plasticity QTL. To the best of our knowledge, our study is the first study to identify genetic 1 2 7 regulation of phenotypic plasticity and canalisation across such a diverse set of environments.
2 8
These genetic regulators of phenotypic plasticity may play an important role in explaining 1 2 9 missing heritability and understanding the genetic regulation of complex traits especially 1 3 0 human disease that are influenced by multiple environmental conditions. The raw growth data used in this study was derived from a previously published study by 1 3 5
Bloom et al. [13] , in which the experimental procedures are described in detail. The data we 1 3 6 used was generated for 1,008 segregants derived from a cross between yeast strains BY (a 1 3 7 laboratory strain) and RM11-1a (a wine isolate, indicated as RM). These segregants were 1 3 8 genotyped for a total of 11,623 polymorphic markers and were grown and phenotyped for 1 3 9 colony size in 46 different conditions. Of these 46 conditions, we selected 34 conditions 1 4 0 based on following three criteria: (i) segregant phenotype in a particular environment should QTL mapping was carried out as described previously [21] . In brief, the R/qtl package 1 4 8 [22, 23] was used to identify QTL separately for colony size in each environment. QTL were 1 4 9 identified using the LOD score, which is the log 10 of the ratio of the likelihood of the The following formula was used to calculate the F-score, which was further used to derive 1 5 4 the LOD score. At a particular marker, let segregant i's phenotypic value be y ij where j can 1 5 5 take two values (j = 1: BY allele and j = 2: RM allele).
here, N is the total number of segregants, n 1 and n 2 are the number of segregants having the 1 5 8
BY and RM allele respectively (k = 2) and y i is the genotypic mean of allele j. Let df denote the degrees of freedom (df = 1 for a backcross and df = 2 for an intercross). The
LOD score is accordingly derived as follows:
Under the null hypothesis, there is no significant difference in the means at the marker under 1 6 3 consideration while under the alternative hypothesis, there is a presence of a QTL. Plasticity QTL mapping was performed using the same methodology as described for QTL 1 6 6 mapping, using environmental variance and sum of slopes as phenotypes, instead of colony Environmental variance (Var E ) was computed for each segregant separately for high (Hv) and 1 6 9 low (Lv) variance environments:
Sum of slopes ( Slope ∑ ) was calculated for each segregant for each order of environments 1 7 5 using the following formula:
Where n is number of environments in a given order, x is the phenotype in the environment 1 7 8 and c is the constant that represents difference between the two environments. Since all the 1 7 9 environments are heterogeneous discrete environments and do not represent a continuum, the 1 8 0 difference between them is always a constant, thus c was given a value of 1. Environmental order for calculating the sum of slopes was determined in two different ways: Lv environments independently, the environments were ordered such that the mean of the 1 8 9 segregants carrying a particular allele have the least possible sum of slopes. In other words, 1 9 0 the mean of the population is canalised across the environmental order. Sum of slopes was 1 9 1 calculated for this order for all segregants and QTL mapping was performed. Environments fall into two categories based on the variance of the segregants 1 9 5
In the previously published dataset [13], we computed the variance of all segregants across 1 9 6 34 environments to identify the range of phenotypic plasticity exhibited by the individuals of 1 9 7 the population. A higher variance would indicate high diversity of the phenotype of the suggest similar phenotype across all environments (canalisation). The phenotypic variance 2 0 0 showed a normal distribution indicating that it was a complex trait with a fraction of 2 0 1 individuals showing highly canalised and highly plastic behaviour (Fig 2A, S1A, S1B ). There Apart from the genotype, the environments considered also determine the plasticity of an 2 0 6 individual. We have previously shown that while a population shows highly buffered 2 0 7 phenotype in one environment, this buffering can be lost in others [24] . Hence, we compared 2 0 8 the phenotypic variance of the segregants within each environment ( Fig 2B) . The variance in 2 0 9 the 34 environments did not show either a normal or a bimodal distribution but a highly left 2 1 0 skewed distribution with a median of 4.2 ( Fig 2B) . Hence we categorised the environments 2 1 1 that were within the first quartile (0 to 8) in the category Lv environments. While the 2 1 2 remaining 10 environments showed a large range of variance, splitting them into smaller 2 1 3 number of environments could have reduced the statistical significance of the variance and 2 1 4 slope phenotypes. Therefore, we categorised these 10 environments as Hv environments ( found no correlation between the two values ( Fig 2C) . This indicates that a segregant with 2 1 7 highly variable phenotype in Lv environments can be either plastic or canalised in the Hv 2 1 8 environments and vice versa. We also calculated mean of segregants across Hv and Lv 2 1 9 environments, and found it to be poorly correlated (R 2 = 0.03, Fig S2A) . Furthermore, if 2 2 0 genetic regulation between random sets of Lv environments was as diverse as that between 2 2 1 Hv and Lv environments, then we should observe poor correlation among Lv environments. We sampled two random sets of 10 environments each from the Lv category and computed 2 2 3 correlation of mean values of segregants. These two sets had non-overlapping environments 2 2 4 such that the presence of common environments does not bias the correlation. We observed a 2 2 5 significantly high correlation between mean across these two sets (R 2 = 0.38, P < 0.01, Fig   2  2  6 S2B), which indicated similar genetic regulation in Lv environments, but differential 2 2 7 regulation across the Hv and Lv environments. Studies have shown that while most yeast growth QTL tends to be environment specific, 2 3 0 some loci have pleiotropic effects. A pleiotropic locus is one that has an effect on the 2 3 1 phenotype across multiple environments. In order to determine whether plasticity QTL are 2 3 2 the same as or a subset of or entirely different from pleiotropic QTL, we carried out QTL Bloom et al. [13] (S1 Table) reconfirming our mapping results. We first compared the 2 3 6 pleiotropic loci identified in multiple environments. A locus was designated as pleiotropic if 2 3 7 it has an effect in 4 or more environments with a LOD peak within 40kb interval in these 2 3 8 environments. Multiple QTL were identified to be pleiotropic across the 34 environments 2 3 9 (Table 1) .
We next compared if the pleiotropic loci were different between the Hv and Lv environments. We found that some pleiotropic loci were common, but others were specific to only Hv or Lv 2 4 2 environments (Fisher's Exact test P < 0.1, Table 1, S1 Table) . This shows that there exists a 2 4 3 difference in genetic regulation of the phenotype between the Hv and Lv environments, as among Lv environments ( Fig S2) . Previously done fine mapping studies done using the 2 4 6
BYxRM segregant populations provide potential candidate genes in many of these loci. Previously, chrXIVb and chrXVa peaks have been identified in multiple environments and Environmental variance (Var E ) refers to the variance of the phenotype of a segregant across 2 7 0 multiple environments. As discussed above, high variance would indicate that the segregant 2 7 1 has diverse or plastic phenotype across environments and low variance would suggest that the 2 7 2 segregant shows similar phenotype, or canalised behaviour, across environments. Since the 2 7 3 scale of variance was different for Hv and Lv environments ( Fig 2B) , Var E was calculated for 2 7 4 each segregant independently for each class of environments. As a result, we got two were not significantly related (Pearson correlation P > 0.1). We then performed QTL 2 7 8 mapping for these two phenotypes. While the overall LOD scores identified were lower than 2 7 9 conventional single environment QTL mapping, the peaks were significant (Fig 3A, 3D , S2 2 8 0 Table, permutation P < 0.01). Two peaks were identified in Hv (Fig 3B, 3C) and one in Lv 2 8 1 environments ( Fig 3E) with a LOD score > 2.0 (P < 0.01). The highest peak in Lv 2 8 2 environments, chrXIVa locus was pleiotropic and was unique to this class of environments 2 8 3 (Table 1) . One peak in Hv environments were pleiotropic (chrXIII locus) or whereas the other 2 8 4 was not (chrV locus). Interestingly, for both the peaks in Hv environments, on chrV, chrXIII, 2 8 5 the RM allele had higher environmental variance than BY allele; whereas for the one peak in 2 8 6 chrXIVa locus in Lv environments, the BY allele showed higher environmental variance ( Fig   2  8  7 3, S2 Table) . Surprisingly in single QTL mapping, BY allele of chrXIVa, which is the more 2 8 8 plastic allele, had lower mean than the RM allele in almost all cases. While the environments with variance greater than 8 were categorised as Hv environments, as possibly themselves be split further into two subgroups. Therefore, we split 7 Hv 2 9 2 environments (variance greater than 20) into two subgroups -Hv_subgroup1 and Hv_subgroup2 (S1 Table) . Var E was calculated for each segregant independently for each 2 9 4 subgroups and QTL mapping was performed as previously discussed (Fig S3, S2 Table) . While some loci vary between different subgroups, the large effect chrXIII locus, which was 2 9 6 both pleiotropic and plastic in all Hv environments, was also identified in both the subgroups 2 9 7 ( Fig S3, S2 Table) supporting to the original categorisation of Hv and Lv environments. Many loci that were pleiotropic across different environments were not identified as plasticity 2 9 9 QTL. A stark example is the chrXIVb locus that has been identified as a pleiotropic locus in 3 0 0 many environments but had no effect on phenotypic plasticity (Table 1) . While Var E provides an unbiased measure of phenotypic plasticity, it is not sensitive to 3 0 3 relatively small changes in the phenotype (Fig 1D) . As a result, most GEI studies calculate 3 0 4 reaction norms or slopes to identify small effect but significant changes in the phenotype 3 0 5 across environments. Usually GEI analysis is performed for a pair of environments [16, 21] . As shown by these studies, the steeper the slope of the reaction norm, the more plastic is the more plastic is the individual. Unlike Var E , sum of slopes will depend upon the order of the 3 1 5 environments considered (Fig 1C, 1D) . We asked the following questions: how much overlap 3 1 6 will be observed in the plasticity QTL mapped using these two different parameters? Will 3 1 7 identification of plasticity QTL using sum of slopes depend on the order of the 3 1 8 environments? As done for Var E , we calculated sum of slopes for each segregant separately for the Hv and 3 2 0
Lv environments. For each category, we used two different strategies to compute the order of 3 2 1 the environments. First strategy was to generate random orders, where using permutations, 3 2 2 we computed 10 random orders of the environments and then calculated sum of slopes for 3 2 3 each segregant for an order and used this as a phenotype for mapping. As a result, we 3 2 4 obtained plasticity QTL for each order of the environments, for both Hv and Lv environments 3 2 5 separately (S3 Table, permutation P < 0.01). Second strategy was to generate allele specific 3 2 6 environmental orders, which takes into consideration that different alleles might have be exhaustive enough to identify canalisation orders for all alleles. Therefore, we ordered the independently, for each locus, the environments were ordered to have the least possible sum 3 3 2 of slopes for one allele. This order was then used to calculate sum of slopes for all segregants 3 3 3 and the values were used for plasticity QTL mapping. The same was done for the other allele 3 3 4 separately. Therefore, the total number of environmental orders tested was equal to the 3 3 5 product of number of markers, two categories of environment and two alleles. Thus, the QTL were mapped for a canalised mean of each allele for each locus, in both categories of Higher LOD scores and larger number of plasticity QTL were identified for sum of slopes 3 3 9 than that were identified for environmental variance (Table 1 , S2, S3 Table) . For random 3 4 0 order analyses, the plasticity QTL identified depended on the order of the environments. We compiled the results to identify peaks that were identified in most environmental orders.
4 2
Certain plasticity QTL were identified in more than half of 10 random environmental orders, i.e. they were independent of the environmental order (Table 1) were identified with higher LOD scores in the Lv than the Hv environments (S3 Table) . As noted in random order analyses, higher LOD scores and more peaks were identified using 3 4 9 sum of slopes than Var E (Fig 4) . Distinct sets of peaks were identified in Hv and Lv 3 5 0 environments using allele specific environmental orders (S4 Table) . Additionally, like the 3 5 1 plasticity QTL identified depended on the random order, the identification of the plasticity 3 5 2 QTL using allele specific order depended on the allele whose mean was canalised (Fig 4, S4 plasticity.
9 7
Phenotypic plasticity is a property of the genotype, unveiled by the environments. We show 3 9 8 that environments can be divided into two categories based on phenotypic variance of the 3 9 9 population and Hv and Lv environments (Fig 2) . Such a distinction has been hypothesised by 4 0 0 previous studies [4] , which propose that when a population is adapted to a particular [30]. This conclusion is further facilitated by identification of different QTL as well plasticity 4 1 0 QTL in both these categories of environments (Table 1) . Differential enrichment of 
